The nearby (d = 7.7 pc) A3V star Fomalhaut is orbited by a resolved dusty debris disk and a controversial candidate extrasolar planet. The commonly cited age for the system (200 ± 100 Myr) from Barrado y Navascues et al. (1997) relied on a combination of isochronal age plus youth indicators for the K4V common proper motion system TW PsA. TW PsA is 1
INTRODUCTION
Fomalhaut (α PsA, HD 216956, HIP 113368) is a famous nearby A3V star with a large resolved dusty debris disk (e.g. Holland et al. 2003) and an imaged candidate extrasolar planet (Kalas et al. 2008) . The age of Fomalhaut is mainly of interest for predicting the infrared brightnesses of substellar companions (Kenworthy et al. 2009; Janson et al. 2012) , calculations of the total mass of the parent bodies generating the dust (Chiang et al. 2009) , and placing the dusty debris disk in evolutionary context with other stars (e.g. Rieke et al. 2005) . In general, accurate ages for host stars of substellar objects are useful for constraining not only the masses of the companions, but accurate ages for the youngest stars may help constrain the initial conditions for the substellar objects (Spiegel & Burrows 2012) . Kalas et al. (2008) recently announced the discovery of a faint optical companion (likely 3 M Jup ) at separation 12".7 (96 AU) from Fomalhaut. While the companion has been imaged multiple times at optical wavelengths, (Kalas et al. 2008, Kalas et al., in prep) , it has eluded detection in the infrared (Janson et al. 2012) .
Given the importance of Fomalhaut as a benchmark resolved debris disk system and possible planetary system, a detailed reassessment of its age is long overdue. This paper is split into the following sections: 1) a review of published age estimates for Fomalhaut, 2) estimation of a modern isochronal age for Fomalhaut, 3) demonstration of the physicality of the Fomalhaut-TW PsA binary system, 4) age estimates for TW PsA based on Note.
-"TW" = TW PsA, "Fom" = Fomalhaut. References: (1) Barrado y Navascues et al. (1997) , Barrado y Navascues (1998), (2) Lachaume et al. (1999) , (3) Song et al. (2001) , (4) Di Folco et al. (2004) , (5) Rieke et al. (2005) , (6) Rhee et al. (2007) , (7) Zorec & Royer (2012) . multiple calibrations, and 5) estimation of a consensus age for the Fomalhaut-TW PsA system. These results supersede the age analysis for the Fomalhaut-TW PsA system presented at the 2010 Spirit of Lyot meeting in Paris (Mamajek 2010 ).
REVIEW OF PREVIOUS AGE ESTIMATES
Previously published ages for Fomalhaut and TW PsA are listed in Table 1 , and span a factor of 3, from 156 Myr (Song et al. 2001 ) to 480 Myr (Rieke et al. 2005) . The most often cited age for Fomalhaut is 200 ± 100 Myr from Barrado y Navascues et al. (1997) and Barrado y Navascues (1998). The Barrado y Navascues et al. (1997) estimate comes from multiple age indicators (including Li abundance, rotation, HR diagram position, and X-ray emission) for its purported common proper motion companion TW PsA. Later, Barrado y Navascues (1998) assigned the same age to Fomalhaut based on its purported membership to the Castor Moving Group (CMG; which included Castor, Vega, and roughly a dozen other systems). These analyses relied heavily on a few assumptions, worth reexamining -namely that Fomalhaut and TW PsA are physically related, that the Castor group is physical (i.e. useful for age-dating), and that Fomalhaut and TW PsA belong to the Castor group. The question of whether the CMG is actually useful for age-dating will await a future investigation. For this study, I focus solely on the ages of Fomalhaut and TW PsA, and assess the physicality of that binary.
3. ANALYSIS 3.1. Isochronal Age for Fomalhaut An isochronal age for Fomalhaut can be estimated through comparing its T eff and luminosity to modern evolutionary tracks. The stellar parameters for Fomalhaut are fairly well determined due to its brightness and proximity, which has enabled the star to have its diameter measured interferometrically. Here I estimate refined HR diagram parameters for Fomalhaut and estimate an isochronal age.
Basic stellar parameters for Fomalhaut are listed in Table 2. Davis et al. (2005) (1/4) , where f bol is in units of 10 −8 erg cm −2 s −1 and θ LD is in mas) with the bolometric flux from Davis et al. (2005) and the limb-darkened diameter from Absil et al. (2009) , I derive a new T eff of 8590 ± 73 K and radius 1.842 ± 0.019 R ⊙ . The T eff is only slightly lower than recent estimates (e.g. Davis et al. 2005) .
To calculate an isochronal age, I overlay the new HR diagram point for Fomalhaut on the evolutionary tracks of Bertelli et al. (2008) (Fig. 1, top) . I assume that Fomalhaut has a chemical composition similar to the protoSun, with an asteroseismically-motivated (and diffusion corrected) composition of Y = 0.27 and Z = 0.017 (see Serenelli & Basu 2010, and references therein) 3 . I gener-2 I adopt a revised solar luminosity of L ⊙ = 3.8270 (± 0.0014) × 10 33 erg/s based on the total solar irradiance (TSI) of S ⊙ = 1360.8 (± 0.5) W m −2 (Kopp & Lean 2011) calibrated to the NIST radiant power scale, and the IAU 2009 value for the astronomical unit (149597870700 ± 3 m). Using the bolometric magnitude zeropoint proposed by IAU Commissions 25 and 36 of L = 3.055 ×10 28 W, this translates to a solar absolute bolometric magnitude of M bol = 4.7554 (±0.0004) mag on that scale. To force the recent TSI measurement to a scale where M bol = 4.75 (a commonly adopted value; Torres 2010), the zero-point luminosity could be adjusted to 3.040×10 28 W. One can calculate a modern T eff for the Sun by combining the new luminosity with the solar radius (695660 km) from Haberreiter et al. (2008, where I adopt ±100 km error based on their discussion). The resultant solar T eff is 5771.8 ± 0.7 K.
3 This is motivated by approximately solar metallicity of the Mermilliod & Mermilliod (1994) , (5) Busko & Torres (1978) , (6) Gray & Garrison (1989) (standard), (7) Keenan & McNeil (1989) , (8) this paper (derived quantities discussed in §3, using other values in the table), (9) Casagrande et al. (2011) , (10) Davis et al. (2005) . Stot is the barycentric speed. I assume L⊙ = 3.827 × 10 33 erg s −1 (see footnote 1) and R⊙ = 695660 km (Haberreiter et al. 2008) .
ate HR diagram positions by Monte Carlo sampling the bolometric flux, parallax, and limb-darkened radius values from their quoted values and uncertainties (assuming a normal distribution), and interpolating within the Bertelli et al. (2008) tracks. The T eff and luminosity of Fomalhaut are consistent with a mass of 1.95 ± 0.02 M ⊙ and age of 433 ± 36 Myr. The uncertainties only take into account observational errors, and not systematic uncertainties in chemical composition and input physics. To estimate systematic uncertainties due to different assumed solar composition and input physics, I estimate calculate ages and masses for 3 more sets of tracks (see Table 3 ). The expectation ages for the 4 sets of tracks are very similar 4 , and the mean of the ages from the 4 tracks is 450 Myr with a 22 Myr (5%) rms scatter (which is a reasonable estimate of the systematic error considering slightly different assumed protosolar abundances and input physics). Considering the typical observational error in age (±33 Myr; 7%), this suggests a total isochronal age uncertainty of ±40 Myr (9%). For the four sets of tracks, the average mass is 1.923 M ⊙ , with ±0.014 M ⊙ rms (systematic error component) and ±0.016 M ⊙ scatter due to the observational errors. Note that this new mass (1.92 ± 0.02 M ⊙ ) is similar to previous estimates (e.g. Kalas et al. 2008 ), but 16% lower than the 2.3 M ⊙ companion TW PsA (Barrado y Navascues 1998; Casagrande et al. 2011) .
4 Independently, the TYCHO evolutionary tracks yield an age of 476 Myr (Patrick Young, 2012, priv. comm.). quoted by Chiang et al. (2009) . The new estimated mass is in line with observed trends in T eff and log(L/L ⊙ ) vs. mass for main sequence stars in eclipsing binaries (Malkov 2007) , which empirically predict ∼1.9-2.0 M ⊙ .
Fomalhaut and TW PsA: A Physical Binary?
Although overlooked in most recent literature on Fomalhaut, the star has a likely stellar companion: TW PsA (GJ 879, HIP 113283). That TW PsA and Fomalhaut appear to share proper motion and parallax appears to have been first noticed by Luyten (1938) . TW PsA is an active K4Ve star (Keenan & McNeil 1989) , at a projected separation of 1
• .96 (∼7100"), and has been listed as among the widest (∼50000 AU) candidate binaries known (Gliese & Jahreiß 1991) . The proximity of TW PsA and its approximate co-motion with Fomalhaut led to Barrado y Navascues et al. (1997) using TW PsA to age-date Fomalhaut. Shaya & Olling (2011) included Fomalhaut and TW PsA as a wide binary in their Bayesian search for multiple systems in the Hipparcos catalog, and the system was one of only two binaries with separations >0.25 pc identified within 10 pc.
Given the utility of TW PsA to age-dating Fomalhaut, we should test the physicality of the purported binary system using the best available astrometry. The best available astrometric and radial velocity data for Fomalhaut and TW PsA are listed in Table 2 , and their degree of similarity is striking. I adopt the literature mean v R for Fomalhaut from Gontcharov (2006) (6.5 ± 0.5 km s −1 ). This should reflect center-of-mass motion, as the revised Hipparcos astrometric analysis was able to statistically fit an unperturbed single-star solution for So the proximity in space and velocity between Fomalhaut and TW PsA appear to be more than coincidental, but are they bound? The escape velocity from Fomalhaut (1.92 M ⊙ ) at the separation of TW PsA is 0.21 km s −1 , suggesting that the observed difference in velocities (0.1 ± 0.5 km s −1 ) is statistically consistent with the hypothesis of TW PsA and Fomalhaut constituting a bound pair. If one sets the semi-major axis of TW PsA's orbit to be equal to the observed 3D separation, and adopt a TW PsA mass of 0.73 M ⊙ (Casagrande et al. 2011) , then one estimates an orbital period of ∼8 Myr. The predicted amplitude of the orbital velocities would be 0.06 km s −1 for Fomalhaut and 0.15 km s −1 for TW PsA.
3.3. Age of TW PsA Rotation rates among late-F through early-M dwarfs appear to spin down as they age through magnetically braking, approximately as rotation period ∝ age 1/2 (Skumanich 1972) . Using the rotation period from (Busko & Torres 1978, 10 .3 days) and the gyrochronology curves from Mamajek & Hillenbrand (2008) , and assuming ±1.1 day rms fit to the gyro relation, I estimate a gyrochronology age of 410 ± 80 Myr.
Attempts to derive an isochronal age for TW PsA were discussed by Barrado y Navascues et al. (1997) . Here I use the T eff and luminosity from Table 2 to derive new estimates of isochronal ages from evolutionary tracks. Using the pre-MS evolutionary tracks of D' Antona & Mazzitelli (1997) , TW PsA is consistent with having a mass of 0.71 M ⊙ and an age of 52 Myr. Using the Baraffe et al. (1998) pre-MS tracks, TW PsA is consistent with having a mass of 0.72 M ⊙ and 66 Myr. As discussed by Barrado y Navascues et al. (1997) in their review of TW PsA's other youth diagnostics (Li, activity), it is unlikely that the star is <100 Myr. The spectroscopic surface gravity appears to be log(g) ≃ 4.5-4.7 (e.g. Dall et al. 2005) , again consistent with a main sequence star. In light of those findings, I consider the star to be a young main sequence star, rather than pre-MS. Hence, I consider the pre-MS isochronal age estimates to represent strict lower limits to TW PsA's age (i.e. >50 Myr), rather than useful age estimates themselves.
TW PsA is also a coronal X-ray source, with L X = 10
28.33 erg s −1 , and fractional X-ray luminosity of log(L X /L bol ) = -4.57 (Wright et al. 2011) . Although the star's color is slightly redder (B-V = 1.1) than the range probed by the calibrations in Mamajek & Hillenbrand (2008) , using the X-ray age relation from equation A3 of that paper, this log(L X /L bol ) value would be consistent with an age of ∼380 Myr. Given the scatter in X-ray luminosities among stars in clusters of similar mass (∼0.4 dex; Mamajek & Hillenbrand 2008) , the age uncertainty is approximately Fig. 2 ; Pleiades, M34, UMa, Hyades), and given its completeness, there is little reason to repeat the plot here. What has changed in the past 15 years is the age scale for these benchmark clusters. Barrado y Navascues et al. Table 1 are consistent with a weighted mean age of 400 ± 70 Myr. This age estimate for TW PsA is independent of any genetic association with Fomalhaut.
DISCUSSION
The kinematic data are consistent with Fomalhaut and TW PsA comoving within 0.1 ± 0.5 km s −1 , and separated by only 0.28 pc. Given their coincidence in position, velocity, and statistical agreement in velocities expected for a wide bound binary, and remarkable agreement among independent age estimates (∼10% agreement), I conclude that Fomalhaut and TW PsA constitute a physical binary. Therefore a cross-comparison of their ages is useful.
The new age estimates for Fomalhaut and TW PsA are listed in Table 4 . The new isochronal age for Fomalhaut (450 ± 40 Myr) is in good agreement with two recent isochronal estimates: 480 Myr (Rieke et al. 2005 ) and 419 ±31 Myr (Zorec & Royer 2012) . It is clear that more modern evolutionary tracks and constraints on the HR diagram position of Fomalhaut are leading to an age twice as old as the classic age (200 Myr; Barrado y Navascues et al. 1997). Fig. 1 (bottom) shows a pleasing overlap between the inferred age probability distribution for Fomalhaut (using the Bertelli et al. (2008) tracks) and the gyrochronology and Li ages for TW PsA (the two estimates with the smallest uncertainties). Based on the 4 independent ages in Table 4 , the rounded weighted mean age for the Fomalhaut-TW PsA system is 440 ± 40 Myr. This new estimate has relative uncertainties ∼5× smaller than the age quoted by Barrado y Navascues et al. (1997) and Barrado y Navascues (1998) (200 ± 100 Myr), and is tied to the contemporary open cluster age scale and modern evolutionary tracks.
A factor of 2× older age for Fomalhaut has consequences for the predicted brightnesses of substellar companions. Using the Spiegel & Burrows (2012) evolutionary tracks, it appears that a factor of 2× older age indicates that a given brightness limit at 4.5 µm (or M band) corresponds to thermal emission from a planet roughly EEM acknowledges support from NSF award AST-1008908, and thanks Paul Kalas, Mark Pecaut, Erin Scott, Tiffany Meshkat, and Matt Kenworthy for comments on the manuscript, and the referee David Soderblom for a helpful review.
